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I. Introduction
Autonomic dysreflexia (AD), which induces excessive elevation of blood pressure, is a potentially lifethreatening medical emergency that occurs in persons with spinal cord injury (SCI) at or above the midthoracic spinal cord segment. The most common source of stimulation that initiates AD is the genitourinary tract including bladder distention. Therefore, the purpose of this project is to investigate the feasibility of local nerve growth factor (NGF) antisense treatment for SCI-induced AD during bladder distention and provides the foundation for future clinical translation of local NGF antisense therapy in people with SCI-induced AD.
II. Body II. 1 In the second year of the project, we continued to perform experiments to measure blood pressure responses during bladder distention using rats with Th5-level spinal cord transection (4 weeks). In order to evaluate autonomic dysreflexia (AD), the bladder-to-vascular responses during bladder distention was examined under urethane anesthesia. For bladder distention, intravesical pressure was increased in a stepwise manner to 20, 40 and 60 cmH 2 O, for 2 min by connecting the urethra cannula through a three-way stopcock to a saline-filled reservoir, the height of which was adjusted to maintain a constant pressure in the bladder. We have found that: (1) arterial blood pressure elevation at 20 cmH 2 O intravesical pressure was significantly higher in SCI rats compared with spinal intact (SI) rats (Fig. 1) , and (2) arterial blood pressure elevation induced by bladder distension was significantly reduced in SCI rats when C-fiber bladder afferent pathways were desensitized by intravesical application of resiniferatoxin (RTX; 10M) for 30 min (Fig. 1) . These results indicate that SCI (4 weeks) induced AD as evidenced by the earlier onset of arterial blood pressure elevation during bladder distention in SCI rats vs. spinal intact rats and that enhanced AD in SCI rats is dependent of Cfiber afferent activation in the bladder (Yoshizawa et al. Note that blood pressure responses at 20 cmH 2 O bladder distension was increased in SCI+vehicle rats vs. SI rats and that RTX-induced C-fiber desensitization significantly reduced blood pressure responses to bladder distention (SCI+vehicle vs. SCI+ RTX). N=4 per each group. *P<0.05
 Tissue analysis: Optimization and analysis of NGF expression using molecular techniques such as PCR and ELISA in spinal intact and SCI rats [Accomplishment]
In the second year of the project, we continued ELISA experiments to measure NGF protein levels and confirmed that the NGF levels in the mucosa and detrusor of the bladder are significantly increased after SCI (Fig. 2) We continued to perform the electrophysiological experiments using patch-clamp recordings and histological analyses of DRG neurons innervating the urinary bladder. We have found that: (1) capsaicin-sensitive bladder afferent neurons from spinal transected rats showed increased cell excitability, as evidenced by lower spike activation thresholds and a tonic firing pattern, (2) the peak density of transient A-type K + (K A ) currents in capsaicin sensitive bladder afferent neurons from spinal transected rats was significantly less than that from spinal intact rats, (3) the K A current inactivation curve was displaced to more hyperpolarized levels after spinal transection, and (4) the protein and mRNA expression of Kv1.4 -subunits, which can form transient K A channels, was decreased in bladder afferent neurons after spinal transection ( Left panels show the action potentials evoked by 50-ms depolarizing current pulses injected through patch pipettes during currentclamp recording. Right panels show the firing patterns during a sustained membrane depolarization (800 ms of duration). Note the lower threshold for spike activation and repetitive firing pattern in the bladder afferent neuron from SCI rats compared to control rats. B: Current-voltage relationships of K A currents in capsaicinsensitive bladder afferent neurons from spinal intact and spinal transected rats (n=20 cells from 12 rats and n=17 cells from 10 rats, respectively). Data are expressed as mean ± s.e.m. *; p < 0.05 compared with the spinal intact rats at corresponding membrane potentials. C: Kv1.4 mRNA levels in DiI-labeled bladder afferent neurons (30 cells per rat), which were laser-captured from L6 DRG sections of spinal intact and transected rats (n=5 rats each). **p<0.01 vs. spinal intact. In the second year of the project, we continued to perform in-vivo experiments to test the efficacy of LPs conjugated with NGF antisense oligonucleotide (OND). Rats were anesthetized with 2% isoflurane, and catheterized by a 24-gauge angiocatheter through the urethra into the bladder. After urine was drained from the bladder, 12M of NGF antisense or scramble OND complexed with liposome or saline in a volume of 0.5ml was infused. The bladder outlet was tied with a running suture thread for 30 minutes. The efficacy of LPantisense treatments was assessed 24h after infusion by saline and subsequent acetic acid (AA) cystometry under urethane anesthesia (1.0 g/kg, s.c.). We have found that; (1) cationic liposomes were needed for bladder uptake of OND, (2) at 24 hours after liposome-oligonucleotide treatment baseline bladder activity during saline infusion was indistinct in the sham and antisense treated groups (Fig. 4B) , (3) acetic acid induced bladder overactivity was shown by a decrease in the intercontraction interval to a mean of 33.2% of baseline in sham treated rats while the reduction was blunted to a mean of 75.8% of baseline in rats treated with liposomal antisense oligonucleotide (p<0.05), (4) acetic acid induced increased nerve growth factor in the urothelium of sham treated rats, which was decreased by antisense treatment (Fig. 4A ) and (5) increased nerve growth factor in bladder tissue was associated with sICAM-1, sE-selectin, CXCL-10 and 1, leptin, MCP-1 and vascular endothelial growth factor over expression, which was significantly decreased by nerve growth factor antisense treatment (p<0.01) (Kashyap et al., 2013 Figs. 1 & 4, we performed experiments to examine the effects of LP-NGF antisense OND conjugate on AD by measuring blood pressure responses during bladder distention using rats with Th5-level spinal cord transection (4 weeks). For bladder distention, intravesical pressure was increased in a stepwise manner to 20, 40 and 60 cmH 2 O, for 2 min by connecting the urethra cannula through a three-way stopcock to a saline-filled reservoir, the height of which was adjusted to maintain a constant pressure in the bladder. LP-NGF antisense OND conjugate or saline (control) was instilled into the bladder transurethrally for 30 min one week prior to experiments (i.e., 3weeks after spinal cord transection). We have found that: (1) arterial blood pressure elevation induced by bladder distension at 20, 40 and 60 cmH 2 O was remarkably reduced in SCI rats that treated with LP-NGF antisense OND conjugate (Fig. 5A ) compared to those without, and (2) NGF levels in the bladder mucosa is elevated in the SCI+ saline group compared to other groups including spinal intact (control) and SCI treated with LP-NGF antisense OND conjugate (SCI-ODN). These results indicate that AD (i.e, enhanced arterial blood pressure elevation during bladder distention) in SCI rats was reduced by the reduction of mucosal NGF expression following one-time intravesical application of LP-NGF antisense OND conjugate. In the third year of the grant, we will increase the animal number to further confirm the results. 
Aim 2 (Year 2)

III. Key research accomplishments
 Confirmation of autonomic dysreflexia (AD) during bladder distention associated with NGF upregulation in the bladder urothelium of SCI rats  Detection of hyperexcitability of bladder afferent neurons due to the reduction of A-type K + channel activity and Kv1.4 subunit expression in SCI rats  Formulation and optimization of cationic liposomes-NGF antisense conjugates  Detection of the reduction of AD associated with decreased NGF expression in the bladder in SCI rats by intravesical treatment of liposomes-NGF antisense conjugates 4. Takahashi, R., Yoshizawa, T., Yunoki, T., Tyagi, P., Naito, S., de Groat, W.C., Yoshimura, N.: Hyperexcitability of bladder afferent neurons associated with reduction of Kv 1.4 -subunit in rats with spinal cord injury. Journal of Urology, in press, 2013.
V. Conclusions
In the second year of the project, we successfully completed the works listed in the SOW (Year 2). Based on the results obtained in the first & second years of the funding period, we observed two major implications for the SCI research. First, our results indicate that SCI induces autonomic dysreflexia (AD) during bladder distention as evidenced by enhanced arterial pressure responses during low-pressure bladder distention, which is dependent on hyperexcitability of C-fiber bladder afferent pathways, in SCI rats. Secondly, our formulation of cationic liposomes conjugated with NGF antisense successfully suppresses bladder overactivity induced by AA-induced C-fiber sensitization as well as SCI-induced AD in association with the reduction in NGF expression in the bladder urothelium. In the third year of the project, we will continue to investigate the pathogenesis of SCI-induced AD and the therapeutic effects of liposome-NGF antisense conjugates on SCIinduced AD, as proposed in the SOW (Year 3 timeline).
VI. References
Yoshizawa, T., Yoshikawa, S., Takahashi, R., Takahashi INTRODUCTION AND OBJECTIVES: Autonomic dysreflexia (AD) is a potentially life-threatening medical emergency, and can be induced by viscero-vascular reflexes during bladder distention, resulting in uncontrolled sympathetic activity and hypertension, in patients with spinal cord injury (SCI). This study investigated the mechanisms inducing AD in SCI due to enhanced bladder-to-vascular reflexes in rats, especially focusing on capsaicin-sensitive C-fiber afferents and nerve growth factor (NGF) expression.
METHODS: SCI was produced by transection of the Th4-5 spinal cord in female rats. After 4 weeks, changes in blood pressure during graded increases in intravesical pressure (20 to 80 cmH2O) were measured in spinal intact (SI) and SCI rats under urethane anesthesia. In some animals, effects of C-fiber desensitization induced by capsaicin-pretreatment (125mg/kg, s.c.) on the bladder-to-vascular reflex were also examined. NGF levels of mucosa and detrusor muscle layers of the bladder, and L6-S1 dorsal root ganglia (DRG) were measured by RT-PCR and ELISA. Patch-clamp recordings were also performed in capsaicin-sensitive bladder afferent neurons dissociated from L6-S1 DRG, which were labeled by Fast Blue injected into the bladder wall.
RESULTS: In SI and SCI rats, systemic arterial blood pressure was increased in pressure-dependent fashion during increases in intravesical pressure, with blood pressure elevation started at lower intravesical pressure (20 cmH2O) in SCI rats compared to SI rats. In addition, these arterial blood pressure responses to bladder distention were significantly reduced by desensitization of capsaicin-sensitization C-fiber afferent pathways. Patch-clamp recordings showed hyperexcitability of bladder afferent neurons from SCI rats as evidenced by lower thresholds for action potential activation in SCI rats compared to SI rats (-26.4±1.3 vs. -21.8±0.9mV). SCI rats also had higher NGF mRNA and protein levels of the bladder and DRG compared to SI rats.
CONCLUSIONS: These results indicate that the bladder-to-vascular reflex induced by capsaicin-sensitive C-fiber afferents is enhanced in association with increased NGF expression after SCI, suggesting that suppression of C-fiber bladder afferent activity and/or NGF expression in the bladder could be effective for reducing AD episodes during bladder distention in patients with SCI. Source of Funding: DOD SC100134 and PVA 2793
13-1297
Increased excitability of bladder afferent neurons associated with reduced expression of Kv1.4 α-subunit in rats with spinal cord injury Ryosuke Takahashi*, Takakazu Yunoki, Seiji Naito, Fukuoka, Japan, Naoki Yoshimura, Pittsburgh, PA INTRODUCTION AND OBJECTIVES: Hyperexcitability of C-fiber bladder afferent pathways has been proposed as an important pathophysiological basis of neurogenic detrusor overactivity with spinal cord injury (SCI). However, the molecular mechanisms inducing hyperexcitability of C-fiber bladder afferent neurons (B-AN) after SCI are not fully elucidated. We therefore examined changes in electrophysiological properties of B-AN obtained from SCI rats, especially focusing on voltage-gated potassium channels and the expression levels of α-subunits, which can form A-type K + (KA) channels. METHODS: Fresh dissociated L6-S1 dorsal root ganglia (DRG) neurons were prepared from female spinal intact and SCI (T9-T10 transection) SD rats. Whole cell patch-clamp recordings were performed on individual B-AN, which were labeled by retrograde axonal transport of a fluorescent dye, Fast Blue (FB) injected into the bladder wall 7 days prior the dissociation. Since the majority (80%) of C-fibre bladder afferent neurons are known to be sensitive to capsaicin, capsaicin-sensitive neurons were selected for evaluation. The expression levels of Kv1.2 and 1.4 α-subunits were evaluated using immunohistochemical methods.
RESULTS: Capsaicin-sensitive B-AN from SCI rats exhibited increased cell excitability evidenced by lower thresholds for spike activation (-26.4±1.3mV) and the increased number of action potentials (4.7±0.7 spikes) during a 800 msec depolarizing pulse compare to control rats (-21.8±0.9mV and 1.3±0.1 spikes). The peak density of KA currents during membrane depolarizations to 0mV in capsaicin-sensitive B-AN of SCI rats was significantly smaller (38.1±4.6 pA/pF) than that from control rats (68.6±6.3 pA/pF), and the inactivation curve of the KA current was displaced to more hyperpolarized levels by ~10mV after SCI. On the other hand, the sustained delayed-rectifier K + current density was not altered after SCI. The expression of Kv1.4 α-subunits, which can form KA channels, was reduced in B-AN from SCI rats compared to control rats.
CONCLUSIONS: These results indicate that the excitability of capsaicin-sensitive C-fiber B-AN is increased in association with reductions in KA current size and Kv1.4 α-subunit expression in SCI rats. Thus, the Kv1.4 α-subunit could be a potential molecular target for treating OAB due to neurogenic detrusor overactivity. INTRODUCTION AND OBJECTIVES: Overexpression of NGF in the urothelium has been shown to play a role in symptoms of OAB by mediating functional changes of bladder afferents. We studied whether the blockade of NGF overexpression in the urothelium by a sequence-specific gene-silencing mechanism suppresses acetic acid (AA) induced bladder overactivity.
METHODS: Female Sprague-Dawley rats anaesthetized with isoflurane were instilled with 0.5mL of either saline, scrambled or TYE563-labelled antisense oligonucleotide (ODN) targeting NGF (12µM) alone or complexed with cationic liposomes for 30min. 24h later, the efficacy of antisense treatment was assessed by saline and AA infused cystometry under urethane anesthesia (1.2g/kg, s.c.). The expression levels and the bladder distribution of NGF after treatment were quantified by immunofluorescence staining and ELISA.
RESULTS: Liposomes were necessary for bladder uptake of ODN as revealed by absence of bright red fluorescence of TYE 563 in rat bladder instilled with ODN alone. 24h after instillation, the baseline CMG under saline infusion was indistinct with mean intercontraction interval (ICI) of 348.4±55.0 sec and 390.8±120.7 sec in the sham and antisense treated groups, respectively. In sham rats instilled with vehicle, AA infusion reduced the ICI to 33.2±4.0% of baseline values, compared to 75.8±3.4% of baseline values (n=6) in rats instilled with liposomal antisense ODN. AA induced elevation of NGF in the urothelium and detrusor of sham rat was also reduced by antisense treatment as revealed by ELISA (panel A&B) and reduced density of NGF immunoreactivity in the urothelium. Expression of NGF mRNA in rats treated with antisense ODN was also downregulated to 50% of control rats (panel C).
CONCLUSIONS: Our findings demonstrate that bladder overactivity induced by bladder irritation is associated with overexpression of NGF in the urothelium and that pretreatment with intravesical antisense suppresses expression of urothelial NGF and AA-induced bladder overactivity. Thus, local suppression of NGF in the bladder could be an attractive approach for the treatment OAB that can avoid systemic side effects due to non-specific peripheral blockade of NGF expression. currents in capsaicin sensitive bladder afferent neurons from spinal transected rats was significantly less than that from spinal intact rats. Also, the K A current inactivation curve was displaced to more hyperpolarized levels after spinal transection. The protein and mRNA expression of Kv1.4 a-subunits, which can form transient A-type K þ channels, was decreased in bladder afferent neurons after spinal transection. Conclusions: Results indicate that the excitability of capsaicin sensitive C-fiber bladder afferent neurons is increased in association with reductions in transient A-type K þ current density and Kv1.4 a-subunit expression in injured rats. Thus, the Kv1.4 a-subunit could be a molecular target for treating overactive bladder due to neurogenic detrusor overactivity.
Key Words: urinary bladder, overactive; spinal cord injuries; potassium channels, voltage-gated; afferent pathways; nerve fibers, unmyelinated SPINAL cord injury above the lumbosacral level eliminates voluntary and supraspinal control of voiding, leading initially to areflexic bladder and urinary retention, followed by the slow development of automatic micturition and NDO mediated by spinal micturition reflex pathways. 1 Electrophysiological studies in animal models revealed that excitability of the afferent limb of the micturition reflex is increased after SCI, which was Abbreviations and Acronyms 5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 1 Bladder afferent pathways consist of 2 types of axons, ie Ad and C fibers. In the normal condition Ad fibers, which are mechanosensitive and respond to bladder distention, initiate the micturition reflex. In chronic SCI rats capsaicin sensitive C-fiber afferents show increased excitability 2 and must be responsible for initiating NDO because desensitizing C-fiber afferents by systemic capsaicin administration suppresses nonvoiding contractions in SCI rats. 1 Mechanisms underlying the hyperexcitability of C-fiber bladder afferent pathways after SCI were previously investigated using whole cell patch clamp recordings in DRG neurons innervating the rat bladder. 2 The density of TTX sensitive Na þ currents in bladder afferent neurons significantly increased, while TTX resistant Na þ current density decreased after SCI. This indicated that SCI induces a switch in the expression of Na þ channels from the TTX resistant to the TTX sensitive type. Since TTX sensitive Na þ currents have a lower threshold for action potential activation than TTX resistant currents, it is assumed that these changes in the expression of Na þ channels in bladder afferent neurons after SCI contribute to a low threshold for spike activation in these neurons.
Although Na þ channels are a major determinant of neuronal excitability, K V channel activation is also an important factor for spike threshold and firing frequency control. K V currents in sensory neurons are divided into 2 major categories, ie sustained K DR and transient K A currents. 3 A reduction in K DR and/or K A currents is involved in the hyperexcitability of afferent pathways under various pathological conditions, 4 including chronic bladder inflammation, which increases the excitability of capsaicin sensitive bladder DRG neurons by decreasing K A currents without affecting K DR currents.
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However, little is known about functional changes in K V currents after SCI. In addition, to our knowledge the molecular mechanism responsible for changes in K V currents after SCI remains to be elucidated. Therefore, we sought to clarify the mechanisms inducing bladder afferent neuron hyperexcitability in SCI rats, especially focusing on K V channels.
MATERIALS AND METHODS
Animal Preparation
Experiments were performed in spinal intact and spinal transected adult female Sprague-Dawley rats weighing 170 to 220 gm. All animal experiments were done in accordance with institutional guidelines and approved by the University of Pittsburgh institutional animal care and use committee.
Spinal cord transected rats were prepared by complete transection of the Th8-Th9 spinal cord, as previously described. 2 The population of DRG neurons that innervates the bladder were labeled by retrograde axonal transport of the fluorescent dye Fast Blue (1% weight per volume, PolyScienceÒ) or Dil (1% weight per volume, InvitrogenÔ). Dye was injected in the bladder wall in isoflurane anesthetized animals 7 to 10 days before dissociation, as described in our previous study. 7 
Cell Dissociation and Whole Cell Patch Clamp Recordings
Four weeks after spinal cord transection dissociated L6-S1 DRG cells were prepared as previously described. 7 Since 80% of C-fiber bladder afferent neurons are sensitive to capsaicin but only 5% of Ad-fiber bladder neurons are capsaicin sensitive, 8 capsaicin sensitive neurons were selected for C-fiber population evaluation. Whole cell patch clamp recordings were performed at room temperature (20C to 22C) on each Fast Blue positive neuron within 10 hours after dissociation. The internal solution contained 140 mM KCl, 1 mM CaCl 2 , 2 mM MgCl 2 , 11 mM EGTA, 10 mM HEPES and 2 mM Mg adenosine triphosphate, adjusted to pH 7.4 with KOH. Patch electrodes had 2 to 4 MU resistance when filled with the internal solution. Neurons were superfused at a flow rate of 2.0 ml per minute with an external solution containing 150 mM NaCl, 5 mM KCl, 2.5 mM CaCl 2 , 1 mM MgCl 2 , 10 mM HEPES and 10 mM D-glucose, adjusted to pH 7.4 with NaOH.
To isolate K þ currents after evaluating action potential characteristics we changed the external solution to one containing 150 mM choline Cl, 5 mM KOH, 0.03 mM CaCl 2 , 10 mM HEPES, 3 mM Mg(OH) 2 and 10 mM D-glucose, adjusted to pH 7.4 with tris base. Slow K A current inactivation and activation characteristics were examined using the same membrane voltage paradigm described in our previous study. 7 
Immunohistochemistry
Spinal intact and transected rats were anesthetized with pentobarbital (80 mg/kg) intraperitoneally. They were perfused through the left ventricle with 300 ml cold oxygenated PBS, followed by fixative solution consisting of 4% paraformaldehyde in 0.1 M PBS. L6 DRGs were then removed and postfixed for 12 hours in the same fixative solution. Tissues were placed in PBS containing increasing concentrations of sucrose (10%, 20% and 30%) at 4C for cryoprotection, frozen in mounting medium and sectioned at 10 mm. After mounting on slides the sections were washed and incubated with antibodies for K V 1.2 or K V 1.4 a-subunits (Alomone Labs, Jerusalem, Israel) for 18 hours at 4C, followed by incubation with anti-rabbit IgG antibody conjugated to FITC for 1.5 hours at room temperature. Images were obtained with a fluorescence microscope. We confirmed that there was no positive staining above background when primary antibody was omitted (data not shown).
In 6 randomly selected DRG sections from each of 3 rats we measured FITC fluorescence intensity in 2 115  116  117  118  119  120  121  122  123  124  125  126  127  128  129  130  131  132  133  134  135  136  137  138  139  140  141  142  143  144  145  146  147  148  149  150  151  152  153  154  155  156  157  158  159  160  161  162  163  164  165  166  167  168  169  170  171   172  173  174  175  176  177  178  179  180  181  182  183  184  185  186  187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202  203  204  205  206  207  208  209  210  211  212  213  214  215  216  217  218  219  220  221  222  223  224  225  226  227  228 individual neurons using ImageJ (http://rsbweb.nih. gov/ij/). The mean labeling intensity of K V a-subunits was calculated in dye labeled bladder afferent neurons and in unlabeled DRG neurons. We determined the ratio of mean labeling intensity of bladder afferent neurons to that of unlabeled neurons in each DRG section. The staining density ratio (dye labeled vs unlabeled cells) per section was then averaged in randomly selected DRG sections from each rat. The mean ratio in each rat was again averaged in the spinal intact or spinal transected groups. These analytical methods of K V a-subunit staining were used to minimize variations in staining intensity between different DRG sections, which might occur due to different staining conditions and nonlinear fluorescent signal decay among sections.
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Laser Capture Microdissection and Real-Time PCR fig. 5 , A to C ). Excised cells were individually captured in the caps of 0.5 ml Eppendorf tubes and lysed. RNA isolation, reverse transcription and real-time PCR were performed using a Cells DirectÔ One-Step qRT-PCR Kit.
Gene specific primers and TaqManÒ probes crossing exon-exon junctions were designed for the Kv1.2 and Kv1.4 a-subunits using Primer3 (http://primer3.sourceforge.net/) (table 1
½T1 ½T1
). Probes contained FAM fluorophore and TAMRA quencher. Primer-probe combinations were optimized within suitable ranges for efficiency and correlation coefficients using standard curve dilutions. Data output was done on a StepOnePlusÔ thermocycler. cDNA was amplified under certain conditions, including 1 cycle at 50C for 45 minutes and at 95C for 2 minutes, followed by 50 cycles at 95C for 15 seconds and at 60C for 1 minute. Reactions were analyzed in triplicate and normalized relative to GAPDH.
Real-time PCR data were analyzed by the difference in CPs (crossing points) method using the equation, R ¼ 2 (CP sample e CP control) , where R represents the expression ratio of each target gene relative to that of GAPDH. We also determined specificity to cDNA using real-time PCR to verify that our primer-probe sets did not amplify genomic DNA. All primer-probe combinations showed 100% to 104% efficiency (table 1).
Statistical Analysis
Data are shown as the mean AE SEM. The unpaired Student t-test was used to determine statistical differences between 2 groups with p <0.05 considered significant.
RESULTS
Spinal Transected Rats
Increased excitability of bladder afferent neurons. shows representative recordings of action potentials in capsaicin sensitive bladder afferent neurons from the 2 groups of rats. The resting membrane potential of capsaicin sensitive bladder afferent neurons did not differ between spinal intact and transected rats (table 2
½T2 ½T2
). However, the mean threshold for eliciting action potentials from spinal transected rats was significantly lower than that from spinal intact rats. Also, the number of action potentials during 800-millisecond membrane depolarization in capsaicin sensitive bladder afferent neurons from spinal transected rats was significantly greater than that in neurons from spinal intact rats when current intensity was set to the value just above the threshold for inducing spike activation with a 50-millisecond pulse (table 2) . These results indicate that capsaicin sensitive bladder afferent neurons became hyperexcitable in SCI rats. In addition, the diameter and cell input capacitance of capsaicin sensitive bladder afferent neurons from spinal transected rats were significantly greater than those from spinal intact rats, indicating that spinal transection induced somal hypertrophy of bladder afferent neurons, as previously noted.
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Slow K A current reduction. We estimated the density of slow K A currents by measuring the difference in currents activated by a depolarizing voltage pulse from e120 and e40 mV holding potentials ( fig. 2 
½F2 ½F2
, A and B). This method is useful because our previous studies showed that slow K A currents in C-fiber bladder afferent neurons were activated by depolarizing voltage steps from hyperpolarized membrane potentials but they were almost completely inactivated when membrane potential was maintained at a depolarized level of greater than e40 mV.
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We calculated the peak density of slow K A currents evoked by depolarization to 0 mV from the 229  230  231  232  233  234  235  236  237  238  239  240  241  242  243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285   286  287  288  289  290  291  292  293  294  295  296  297  298  299  300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342 difference in K þ currents activated from holding potentials of e40 and e120 mV, and sustained K DR currents evoked by depolarization to 0 mV from a holding potential of e40 mV. Density was increased during membrane depolarization in capsaicin sensitive bladder afferent neurons from spinal intact and transected rats ( fig. 2, C ) . However, slow K A peak current density was lower in neurons from spinal transected rats than those from spinal intact rats. We detected significant differences in current density at depolarizing pulses greater than e10 mV. However, the peak current density of sustained K DR currents in capsaicin sensitive bladder afferent neurons did not differ between spinal intact and transected rats.
Bladder Afferent Neurons
Steady-state activation and inactivation characteristics of K A currents in spinal intact and spinal transected rats. K A current in spinal intact rats started to inactivate at membrane potentials positive to e120 mV and were almost totally inactivated by depolarizing prepulses to e40 mV. Data were well fitted by the modified Boltzmann equation with a V h of e87.1 mV (8 cells from 6 rats). This inactivation curve indicated that 10% to 15% of maximum A B Figure 1 . Representative action potential recordings in capsaicin sensitive bladder afferent neurons from spinal intact and transected rats. A, action potentials evoked by 50-millisecond (ms) depolarizing current pulses injected through patch pipettes during current clamp recording. B, firing patterns during sustained 800-millisecond membrane depolarization. 343  344  345  346  347  348  349  350  351  352  353  354  355  356  357  358  359  360  361  362  363  364  365  366  367  368  369  370  371  372  373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399   400  401  402  403  404  405  406  407  408  409  410  411  412  413  414  415  416  417  418  419  420  421  422  423  424  425  426  427  428  429  430  431  432  433  434  435  436  437  438  439  440  441  442  443  444  445  446  447  448  449  450  451  452  453  454  455  456 current could be elicited at membrane potentials in the range of e60 to e50 mV, equivalent to resting membrane potential ( fig. 3 ½F3 ½F3
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, A). In contrast, K A currents in spinal transected rats were almost negligible when holding membrane potential was in the range of e60 to e50 mV. In contrast to the inactivation curve in neurons from spinal intact rats, the inactivation curve for spinal transected rats was displaced to more hyperpolarized levels by approximately 10 mV. The V h for K A current inactivation in spinal transected rats was e98.3 mV (7 cells from 7 rats) ( fig. 3, A) .
In contrast to the difference in inactivation characteristics, the voltage dependence of K A current activation did not differ between spinal intact and transected rats. K A current in bladder afferent neurons from spinal intact rats was elicited by membrane depolarizations higher than e60 mV with V h occurring at the membrane potential of e32.2 mV according to the modified Boltzmann 5   457  458  459  460  461  462  463  464  465  466  467  468  469  470  471  472  473  474  475  476  477  478  479  480  481  482  483  484  485  486  487  488  489  490  491  492  493  494  495  496  497  498  499  500  501  502  503  504  505  506  507  508  509  510  511  512  513   514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559  560  561  562  563  564  565  566  567  568  569  570 equation (7 cells from 7 rats). Similarly, the V h of K A current activation of bladder afferent neurons from spinal transected rats was e35.4 mV (12 cells from 10 rats) ( fig. 3, B) . , A). There was similar Kv1.4 a-subunit staining in Fast Blue labeled and unlabeled neurons. In contrast, in each group we noted similar Kv1.2 a-subunit staining density in Fast Blue labeled and unlabeled neurons (121 and 114 cells from 3 spinal intact and 3 spinal transected rats, respectively) ( fig. 4, B) .
Changes in mRNA levels of Kv1.2 and Kv.1.4 a-subunits were also examined in laser captured DRG neurons. The relative expression level of Kv1. , D and E ). However, relative Kv1.4 expression was significantly lower (0.53) in DiI labeled bladder afferent neurons (30 cells per rat) from 5 spinal transected rats compared to those from 5 spinal intact rats ( fig. 5, F ) . There was no significant difference between the 2 groups in Kv1.4 mRNA levels in unlabeled neurons ( fig. 5, G) .
DISCUSSION
Our results indicate that 1) capsaicin sensitive bladder afferent neurons in spinal transected rats show hyperexcitability, as evidenced by lower spike activation and tonic firing pattern thresholds, 2) slow K A current density was decreased and the K A current inactivation curve of spinal transected rats was displaced to more hyperpolarized levels compared to that of spinal intact rats and 3) protein and mRNA expression of the Kv1.4 but not the Kv1.2 a-subunit was decreased in bladder afferent neurons after SCI. To our knowledge this is the first report of a direct association of functional and immunohistochemical changes in the K V channels responsible for the hyperexcitability of bladder afferent neurons in SCI rats.
K V currents in sensory neurons are divided into 2 major categories, ie sustained K DR and transient K A currents. 3 Transient K A currents in sensory neurons, including DRG cells, can be further subdivided into at least 2 subtypes based on inactivation kinetics, ie fast and slow decaying K A currents. 4 The slow decaying K A current is preferentially expressed in small, capsaicin sensitive bladder afferent neurons. A reduction in slow K A currents by the application of the K A channel blocker 4-aminopyridine increased the excitability of these neurons, as evidenced by lower spike activation and tonic firing thresholds. 5, 10 In this study we confirmed that the current density of slow K A currents were decreased in bladder afferent neurons from spinal transected rats compared to that in spinal intact rats ( fig. 2 ). In addition, the inactivation curve of spinal transected rats was displaced by about 10 mV to more hyperpolarized levels compared to the inactivation curve in spinal intact rats. These results suggest that a reduction in slow decaying K A currents is a key event resulting in the hyperexcitability of capsaicin sensitive bladder afferent neurons after SCI in rats.
A reduction in slow decaying K A channel activity was associated with decreased expression of Kv1.4 a-subunit protein and mRNA in bladder afferent neurons. K V channels are composed of homotetramers or heterotetramers of a-subunits that form K þ ion conducting pores. 11 Previous reports indicated that K V 1 a-subunits, including Kv1.1, Kv1.2 A B Figure 3 . Mean AE SEM steady-state activation and inactivation characteristics of K A currents in capsaicin sensitive bladder afferent neurons, shown as relative peak conductance of K A currents normalized to maximal K A current conductance (G/G max ) plotted against membrane potentials. A, inactivation characteristics in 8 cells from 6 spinal intact rats and 7 from 7 spinal transected rats. B, activation characteristics in 7 cells from 7 spinal intact rats and 12 from 10 spinal transected rats. 571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616  617  618  619  620  621  622  623  624  625  626  627 and Kv1.4, could be major components of K V channels in DRG neurons. 12 The homotetramer of Kv1.4 a-subunits shows rapid, prominent inactivation processes but it is insensitive to DTX, a specific inhibitor of Kv1.1 and Kv1.2. 13 The heteromeric channels containing Kv1.4 and DTX sensitive Kv1.1 and Kv1.2 a-subunits show inactivation that is much slower than the Kv1.4 homomeric channels and similar to slow decaying K A in DRG neurons. 14 We previously reported that DTX partially suppressed slow decaying K A currents in capsaicin sensitive, small DRG neurons. 15 Therefore, it seems reasonable that the assembly of Kv1.4 with other DTX sensitive K V a-subunits, such as Kv1.1 and/or Kv1.2, contributes to the formation of slow decaying K A channels. Also, decreased Kv1.4 a-subunit expression after SCI might be a molecular mechanism responsible for the reduction in slow decaying K A currents, leading to hyperexcitability of capsaicin sensitive C-fiber bladder afferent neurons.
HYPEREXCITABILITY OF BLADDER AFFERENT NEURONS ASSOCIATED WITH SPINAL CORD INJURY
We previously reported that SCI induces a switch in the expression of Na þ channels from the TTX resistant to the TTX sensitive type. 2 In contrast to neurons from spinal intact rats, in which approximately 70% of bladder afferent neurons show high threshold TTX resistant action potentials, 60% of bladder afferent neurons from SCI rats show low threshold TTX sensitive action potentials. 2 We also previously reported that applying the K A channel blocker 4-aminopyridine significantly decreased the spike threshold and increased the firing number during sustained membrane depolarization. 5 These results suggest that changes in Na þ channel 
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property contribute to a lower spike activation threshold and changes in K þ channel property contribute to a lower threshold for spike activation and tonic firing pattern in these neurons. Therefore, it is reasonable that changes in the expression of Na þ channels and K þ channels in bladder afferent neurons after SCI contribute to the hyperexcitability of C-fiber afferent pathways.
CONCLUSIONS
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